Background: Red ginseng root (Panax Ginseng C.A. Meyer) has been used clinically by many Asian people for thousands of years without any detrimental effects. One of the major components of red ginseng root is ginsenoside Rb 1 (gRb1, C 54 H 92 O 23 , molecular weight 1109.46). Previously, we showed that intravenous infusion of gRb1 attenuated ischemic brain damage in rats through up-regulation of an anti-apoptotic factor, Bcl-x L . In the present study, we have investigated whether intravenous infusion of gRb1attenuates spinal cord injury or not.
Introduction
The annual incidence of spinal cord injury (SCI) has been estimated to be approximately 20-40 persons per million in the world [1] . The main causes of trauma to the cord are motor-vehicle accidents, sports and recreational activities, work-related accidents and falls at home. More importantly, the majority of SCI victims is young and otherwise healthy, and suffers the burden of life-long disability. There is no universally accepted treatment for this pathological condition, although intensive efforts are underway to develop effective therapy for SCI (for example chondroitinase ABC, Nogo inhibitor, Rho inhibitor, and cell therapy with neural stem/progenitor cells derived from iPS/ ES cells [2, 3] ). At present, administration of methylprednisolone, surgical decompression of the spinal cord, and stabilization of the vertebrae are performed to prevent further injury. However, recovery from functional loss is limited [4, 5] .
Over the past several decades, researchers have been making desperate efforts, without any great success, searching for intravenously infusible neuroprotective agents for SCI. At present, only methylprednisolone is clinically available. However this agent, even though alleviating SCI, frequently causes serious adverse effects in humans by modulating inflammatory responses in an adverse manner [6] . Finding an intravenously infusible neuroprotective agent that acts safely and favorably on the damaged spinal cord tissue without an increased risk of infection or avascular necrosis of the femoral head appears to be a prerequisite for the treatment of SCI. We speculate that development of an intravenously infusible agent with a potent neuroprotective action would be of great value from the clinical point of view, because such an agent would greatly contribute to elucidation of the molecular mechanisms underlying SCI for which the agent is applied, and would facilitate the development of other innovative treatment protocols and drugs.
Red ginseng root (Panax ginseng C.A. Meyer) is used clinically in Asian countries for various diseases, including atherosclerosis, liver dysfunction, cerebrovascular disease, hypertension and postmenopausal disorders. Ginseng root consists of two major ingredients: crude ginseng saponin and crude ginseng non-saponin fractions. To date, more than 20 saponins have been isolated from ginseng root and identified chemically. They can be classified into three major groups according to their chemical structure: protopanaxadiol, protopanaxatriol and oleanolic acid saponins, of which ginsenoside Rb 1 (gRb1), ginsenoside Rg 1 and ginsenoside R 0 are respective representative substances [7] .
In our previous study, we showed that postischemic intravenous infusion of gRb1 ameliorated cortical infarct size, place navigation disability and secondary thalamic degeneration after permanent occlusion of the middle cerebral artery (MCA) in stroke-prone spontaneously hypertensive rats (SHR-SP), and demonstrated that gRb1 upregulated the expression of an anti-apoptotic factor, neuronal Bcl-x L , and prevented neuronal apoptosis in vitro and in vivo [8] . The potent neuroprotective action of gRb1 in cases of brain ischemia prompted us to investigate the effects of gRb1 on spinal cord injury, since a chemical derivative of gRb1 is known to alleviate the neuroparalysis of rats with SCI [9] . In the present study, we first showed that intravenous infusion of gRb1 ameliorated SCI in rats. Subsequent studies that focused on gRb1-induced expression of gene products responsible for neuronal death or survival revealed that gRb1 upregulated the expression of not only Bcl-x L , but also a potent angiogenic and neurotrophic factor, VEGF.
Materials and Methods
Adult male Wistar rats aged 12-14 weeks, weighing 250-300 g, were used. Animals were housed in an animal room with a temperature range of 21 to 23°C and a 12-hour light/dark cycle (light on: 7 a.m. to 7 p.m.), with access to food and water ad libitum until the end of the experiment.
Production and purification of ginsenoside Rb1 (gRb1)
Ginsenoside Rb1 (gRb1) was isolated and purified from the crude saponin fraction of the rhizome of Panax Ginseng C.A. Meyer by repeated column chromatography on silica gel with CHCl 3 -MeOH-H 2 O (65:35:10) and on ODS (octadecylsilyl) silica with MeOH-H 2 O (1:1 -7:3) [10] . 
Osmotic minipump implantation

Spinal cord injury (SCI) in Wistar rat
Adult male Wistar rats aged 12-14 weeks, weighing 250-300g, were randomely divided into four groups: sham-operated, control, gRb1(12μg/day and 60μg/day)-treated groups. The doses of gRb1 were determined on the basis of our previous study [8] which dealt with the therapeutic effects of intravenously infused gRb1 on middle cerebral artery (MCA)-occluded rats. Rats were anesthetized with 1.5% halothane in a 4:3 mixture of nitrous oxide and oxygen, and body temperature was kept at 37.0±0.2°C during surgery. Spinal cord injury (SCI) was induced as described elsewhere [11] . In brief, the back of the rat was shaved and disinfected. A longitudinal incision was made from the mid to low thoracic vertebrae. The dorsal surface of the spinal cord was exposed by laminectomy of the lower thoracic cord (Th12) vertebrae, and the dura was left intact. The exposed Th12 was compressed extradurally with a 20 g weight for 20 minutes. The muscles and skin were sutured with 4-0 silk. This method induces temporary paralysis of the lower extremities in a reproducible manner [12] . Thirty minutes later, a total of 60 µl gRb1 solution (12 or 60 µg/60 µl in saline) or the same volume of vehicle (saline) was infused once into the left femoral vein. Subsequently, continuous intravenous administration of gRb1 was performed for 7 days via an osmotic minipump (12 or 60 µg/day). Sham-operated animals were administered the same volume of physiological saline (vehicle).
Behavioral evaluation after SCI
As an open field test, a transparent acrylic box (30 x 30 x 30 cm) covered with a sound-attenuating shell (BOF-102, Biomedica, Osaka, Japan) was used. Inside the open field, an overhead incandescent bulb provided room lighting (approximately 110 lux), and a fan attached to the upper part of the box provided a masking noise of 45 dB. Animals were allowed to move freely in the open field for 20 min in the light condition. On each X and Y bank of the open field, infrared beams were attached 2 cm above the floor at 10-cm intervals, making a flip-flop circuit between the beams. The total number of circuit breaks was counted as locomotor activity. On the X bank, 11 infrared beams were attached 12 cm above the floor at 2.5-cm intervals, and the total number of beam crossings was counted as rearing activity. The open field locomotor scores (locomotor activity, rearing activity and Basso-Beattie-Bresnahan (BBB) scores [13] ) were measured before the loading of spinal cord injury, just after the loading of SCI, and from 1 day to 7 days after SCI, as indices of motor function. BBB score of sham-operated rats was 21.
Histological observation and semi-quantitative analysis of MAP2, VEGF and Bcl-x L protein expression after SCI
After evaluating behavioral performance, animals were anesthetized with an intraperitoneal injection of chloral hydrate (300 mg/kg) at 7 days after SCI and perfused transcardially with 0.1 M phosphate-buffered saline (pH 7.4) followed by perfusion with 500 ml of 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The damaged spinal cord (1 cm length) was dissected out. After fixation with the same fixative overnight, each tissue sample was dehydrated, embedded in paraffin, and 5µm-thick serial sections were cut. Each deparaffinized tissue section was treated with 10% non-immunized goat serum and incubated with a monoclonal antibody against microtubule-associated protein 2 (MAP2, SMI 52, Sternberger Monoclonals Inc., Lutherville, MD, USA) overnight at 4°C. After incubation with biotinylated anti-mouse IgG and peroxidaseconjugated streptavidin (DAKO A/S, Glostrup, Denmark), staining was visualized with 0.05% 3,3'-diaminobenzidine tetrahydrochloride and 0.01% hydrogen peroxide.
Each animal (n=5 in each group) was anesthetized with an intraperitoneal injection of chloral hydrate (300 mg/kg) at 7 days after SCI. The damaged spinal cord (1 cm length) was dissected out. The samples were homogenized on ice with lysis buffer (0.5% SDS, 0.5% Triton-X, 100µM phenylmethane sulfonyl fluoride, 20µM TrisHCl pH 8.0). Then the samples were sonicated and centrifuged at 13,000 rpm for 10 min at 4°C. The protein content in the supernatant was determined using a BCA protein assay kit (Pierce, Rockland, IL, USA). The supernatant was mixed with sample buffer (62.5mM Tris-HCl, pH 6.8, 2% sodium dodecylsulfate, 10% glycerol and 0.001% bromophenol blue) to a final protein concentration of 1 mg/ml. Equal amounts of protein (15 µg) from the homogenates was electrophoresed and processed for immunoblot analysis using mouse monoclonal antibodies against MAP2 (SMI 52, Sternberger Monoclonals Inc.), VEGF (Santa Cruz Biotech., Santa Cruz, CA, USA) and Bcl-x L (Transduction Laboratories Inc., Lexington, KY, USA). For semi-quantitative evaluation, the immunoreactive bands were subjected to densitometric analysis using an NIH Image program (National Institutes of Health, Bethesda, MD, USA).
The number of MAP2-positive cells was counted in five 0.25mm x0.25 mm fields in the anterior horns of the spinal cord of the rats. The numerical density of MAP2-positive cells was determined in each of 2 coronal sections per animals. The mean number of positive cells per unit area (per mm²) was calculated in all animals and expressed as mean ± SD.
Statistics
All values are presented as mean value ± SD. Statistical significance was tested by one way ANOVA followed by Bonferroni's multiple comparison test. A p value less than 0.05 was considered to be statistically significant.
Results
Intravenous infusion of gRb1 ameliorates motor deficit and behavioral abnormalities after SCI in rats
We first investigated the effects of intravenous infusion of gRb1 experiment and exhibited motor deficit and behavioral abnormalities after SCI. Compared with the vehicle-treated group, the gRb1-treated groups showed significant improvement of behavioral abnormalities and rearing activity with respect to BBB score and rearing activity at 7 days after SCI (n = 5 in each group).
Intravenous infusion of gRb1 ameliorates morphological damage to the spinal cord after SCI in rats
To evaluate morphological damage after SCI, we next performed immunostaining for MAP2 (Figure 2A-H) . In the sham-operated rat (Figures 2A and B) , MAP2 immunoreactivity was localized predominantly to dendrites and neuronal soma within the gray matter and white matter of the spinal cord that was endowed with the central canal ( Figure 2B, arrowhead) . In the spinal cord of the salinetreated rat at 7 days after SCI ( Figures.2C and D) , the white matter particularly the bilateral dorsal funiculi had a wide and irregular shaped crack and moreover the central canal and the gray matter adjacent to it were destroyed ( Figure 2D, arrow) . The intravenous infusion of gRb1 at a dose of 12µg/day ( Figures 2E and F) or 60µg/day ( Figures 2G and H) after SCI apparently made smaller the crack in the dorsal funiculi, and rescued the gray matter around the central canal as well as the canal per se ( Figures 2F and H, arrows and arrowheads) . To quantify the neuroal damage caused by SCI, MAP2-positive cells per mm² in each group were counted and the results demonstrated that MAP2-positive cells were significantly more numerous in the gRb1-treated groups than in the saline-infused group after SCI (12 Note the significant improvement of BBB score and rearing activity in gRb1-treated rats (n = 5 in each group). All values are presented as mean value ± SD. *, ** indicate significantly higher (p<0.05, p<0.01, respectively) than saline-treated control. on BBB score ( Figure 1A ), rearing activity ( Figure 1B ) and locomoter activity ( Figure 1C ) in rats. All animals survived until the end of the Figure 3 .
For further quantitative analysis of SCI damage, we conducted western blot using an antibody against MAP2 protein. Compared with the saline-treated group, MAP2 protein expression was clearly upregulated in the spinal cord obtained from the gRb1-treated groups ( Figure 4A ). The same experiments were independently performed five times, and densitometric analysis of the immunoreactive bands revealed that, compared with the saline-treated control, treatment with gRb1 at doses of 12 and 60 µg/day caused 1.86-fold and 1.88-fold increases in MAP2 protein expression, respectively, in the damaged spinal cord of rats at seven days after SCI ( Figure 4B ).
Ginsenoside Rb1 (gRb1) upregulates expression of Bcl-x L and VEGF in spinal cord
To gain an insight into the molecular mechanisms underlying gRb1-mediated neuroprotection, we conducted western blot using an antibody against VEGF or Bcl-x L protein. VEGF and Bcl-x L proteins with molecular masses of approximately 26 kD and 29 kD, respectively were constitutively expressed in the spinal cord ( Figure 4A ). Both VEGF and Bcl-x L protein expression were clearly upregulated in the injured spinal cord from rats treated with 12 or 60 µg/day of gRb1 (Figure 4A ), at seven days after SCI. The same experiments were independently performed five times, and densitometric analysis of the immunoreactive bands revealed that treatment with gRb1 at doses of 12 and 60 µg/day caused 1.9-fold and 2.1-fold increases in Bcl-x L protein expression ( Figure 4C ) and 1.8-fold and 1.8-fold increases in VEGF protein expression ( Figure 4D ) in the injured spinal cord, at seven days after SCI.
Discussion
Using stroke-prone spontaneously hypertensive rats (SHR-SP rats), we previously demonstrated a protective effect of intravenously administered gRb1 against brain damage after cerebral infarction through the upregulation of Bcl-x L , both in vivo and in vitro [8] . We also demonstrated the protective effect of dihydroginsenoside Rb1 (dgRb1) at lower doses against brain damage after cerebral infarction through the up-regulation of VEGF and Bcl-x L [9] . DgRb1 is a stable and novel chemical derivative of gRb1 and the lack of double bond in the chemical structure made dgRb1 more stable, and harder to be metabolized compared with gRb1. This may account for why the effective dose of intravenously infused dgRb1 is one tenth of that of Rb1 for the treatment of cerebral infarction. Taken the present experimental results and the former experimental findings all together, the effective dose of dgRb1 for the therapy of SCI is also one tenth of that of gRb1 [9] . Even though the pharmacological property of dgRb1 is superior to that of gRb1, we would recommend the application of gRb1 rather than dgRb1 for the treatment of cerebral stroke and neurotrauma, keeping in mind that humans have taken ginseng containing gRb1 for approximately 2000 years without any serious adverse effects.
The pathological sequelae after SCI are divided into two broad chronological events: primary injury and secondary injury [14, 15] . Primary injury is caused by direct mechanical trauma to the spinal cord where focal destruction occurs. This initial injury is followed by secondary injury. A series of processes in secondary injury including ischemia, edema, revascularization and inflammation are thought to enlarge the area of cell death through necrosis, apoptosis and autophagy [14, 16, 17] . Among them, ischemia has been demonstrated to be a crucial factor in post-injury pathophysiological changes in acute SCI, because it is believed to aggravate secondary injury and to occur in parallel to neurological dysfunction. Note the significant improvement of neural density in gRb1-treated rats (n = 5 in each group).
Data were obtained from five independent experiments. All values are presented as mean ± SD. ** indicates significantly higher ( p<0.01) than saline-treated control. Revascularization is, therefore, one of the most important factors to regain blood flow in the ischemic tissue. Secondary injury of the spinal cord declined along with revascularization of the involved tissue [18] . This evidence suggests that revascularization precedes spinal tissue repair and nerve regeneration, and may ameliorate the cascade of progressive cell death. In our previous study, we showed that gRb1 reorganized the cerebrovascular networks in the ischemic penumbra, suggesting that gRb1 could induce proliferation of endothelial cells and stimulate angiogenesis [8] . Vascular endothelial growth factor (VEGF) is considered to be a potent endothelial cell-specific growth factor [19] , and gRb1 has been shown to increase VEGF expression in keratinocytes during the wound-healing process [20] . Hence, we evaluated whether gRb1 upregulated VEGF expression in the damaged spinal cord, and showed that it did.
VEGF was initially described in 1983 as a 'tumor-secreted vascular permeability factor' [21] and was cloned in 1989 [22] . VEGF has been established as an essential regulator of angiogenesis in a variety of human diseases [23, 24] . Although initial studies indicated that VEGF is an endothelial cell-specific factor, more recent findings revealed that VEGF also has direct effects on neural cells. In the dorsal root ganglia, VEGF stimulates axonal outgrowth and promotes the survival of neurons and satellite cells, whereas inhibition of VEGF receptor-2 (VEGFR-2) signaling blocks axonal outgrowth in response to VEGF [25] . VEGF also has neurotrophic effects on cultured neurons of the central nervous system and, in many instances, exerts this effect via signaling through VEGFR-2, phosphatidylinositol-3-kinase (PI3K) and Akt [19] . The ability of VEGF to stimulate angiogenesis and elicit direct neurotrophic effects makes it an attractive candidate for promoting repair or regeneration of damaged brain tissue [26] .
In a model of cerebral ischemia, upregulation of VEGF was detected in the penumbra, where neovascularization and neuronal apoptosis of CNS are known to occur [27, 28] . However, VEGF upregulation following brain damage may have deleterious effects due to its permeability-increasing activity in vivo. Following SCI, treatment with recombinant VEGF caused an improvement in recovery, associated with increased vessel density and reduced apoptosis, in the lesion area, and increased expression of VEGFR1, VEGFR2, NP1 and NP2 [29] , while it was also found to have a worsening effect on lesions caused by SCI, possibly secondary to its effect on vascular permeability [30] . The timing of VEGF treatment is probably an important determinant of its therapeutic effect on brain damage. Early treatment with VEGF (1 h post-ischemia) increased blood-brain barrier leakage, hemorrhagic transformation and ischemic lesions, while late treatment with VEGF (48 h post-ischemia) enhanced angiogenesis and significantly improved neurological recovery [31] . It is plausible that the intravenous infusion of gRb1 after SCI caused a favorable effect similar to that of the aforementioned late treatment with VEGF by way of the up-regulation of VEGF expression. There is also a report showing VEGFR2 expression in the choroid plexus and ependymal cells [32] . This may provide a molecular basis for the gRb1-mediated rescue of the central canal that is encircled by ependymal cells. In summary, we speculate that the neuroprotective effects of VEGF result from a combination of direct effects on neuronal survival as well as indirect consequences of increased angiogenesis, and that spontaneous late-onset upregulation by gRb1 of VEGF protein in neurons can ameliorate SCI and ischemic brain damage in vivo. Further investigations are required to confirm this assumption.
Apoptosis and autophagy are also important factors that promote cell death and aggravate secondary injury. In this study, we have showed that gRb1 upregulated Bcl-x L , an anti-apoptotic Bcl-2 family member, in the damaged spinal cord, as was so in our previous study concerning cerebral infarction [8] . Bcl-x L , as a mitochondrionassociated protein, is widely expressed in the nervous system [33, 34] . Mice deficient in Bcl-x L die on embryonic day 13 (E13), and analysis of E12 mouse embryos showed massive death of immature postmitotic neurons throughout the brain and spinal cord as well as in the developing dorsal root ganglia [35] . Moreover, overexpression of Bcl-x L leads to increased survival of postnatal central neurons [36] . In the pathological mechanism of SCI and ischemic brain damage, insufficient expression of Bcl-x L protein in response to SCI and brain damage appears to liberate Apaf1 and cytochrome c, which form a complex with procaspase 9, leading to activation of procaspase 9 and caspase 9, and then to activation of the cell executioner, caspase 3 [37] . Moreover, Bcl-x L binds to Beclin 1 and inhibits Beclin 1-mediated autophagy. Bcl-x L and Beclin 1 also cooperate with Atg5 or Ca 2+ to regulate both apoptosis and autophagy [38] . Consistent with these previous studies, our data have suggested that administration of gRb1 ameliorated SCI, at least in part, through the upregulation of an antiapoptotic factor, Bcl-x L .
To our best knowledge, in vitro studies that demonstrate gRb1-mediated upregulation of Bcl-x L and VEGF in spinal neurons have not been published yet. This raises the question of whether or not intravenously infused gRb1 acted directly on spinal cord neurons in the present in vivo study. In our previous in vitro experiments, gRb1 upregulated the expressions of bcl-x L mRNA and Bcl-x L protein in cortical neurons, and subsequent promoter assays with the use of bclxl-wt carrying the stat 5 response element (STRE), bcl-xl-mut having a mutated STRE and bcl-xl-0.6L devoid of STRE indicated that the STRE on the bcl-xl promoter is responsible for the induction of bcl-xl mRNA by gRb1 in cultured cortical neurons [8] . Although there are no reports showing gRb1-mediated upregulation of VEGF in cultured neurons, [20] demonstrated that gRb1 stimulates VEGF expression in cultured HaCaT cells in the presence of interleukin-1β (IL-1β). Moreover, dihydroginsenoside Rb1 (dgRb1), a chemical derivative of gRb1, with in vivo neuroprotective actions similar to those of gRb1 in cases of brain ischemia and compressive spinal cord injury is also known to facilitate the expressions of VEGF mRNA, VEGF protein, bcl-x L mRNA and Bcl-x L protein in cultured cortical neurons and to induce VEGF mRNA and bcl-x L mRNA in hypoxia response element (HRE) -and STRE-dependent manners, respectively, in the cortical neurons [9] . These findings are in favor of the notion that intravenously administered gRb1 acts directly on spinal cord neurons to stimulate the expressions of Bcl-x L and VEGF, thereby protecting the neurons against spinal cord injury. To ascertain further the neuroprotective action of gRb1 by way of Bcl-xl and VEGF in vitro, knock down experiments using siRNA would be of help.
Conclusions
The results of this study demonstrated that ginsenoside Rb1 (gRb1), one of the major components of red ginseng root (Panax Ginseng C.A. Meyer), ameliorates SCI in rats by up-regulation of a potent angiogenic and neurotrophic factor, VEGF as well as an antiapoptotic and anti-autophagic factor, Bcl-x L .
These results suggest that gRb1 is a candidate agent for the treatment of patients with acute SCI.
